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Introduction
As an irreversible inhibitor of the adenosine diphosphate P2Y12 receptor, clopidogrel plays an important role in the prevention of stent thrombosis (ST) in coronary artery disease (CAD) patients undergoing percutaneous coronary intervention (PCI) [1, 2] . However, about 4-30% of the patients treated with clopidogrel display no or a low anti-platelet response [3] [4] [5] . This phenomenon is called clopidogrel resistance or clopidogrel non-responsiveness [6] . According to previous studies [7, 8] , these patients may have an increased risk of ischaemic cardiovascular events.
The mechanisms of this phenomenon are not fully elucidated. We know that clopidogrel is an inactive prodrug that requires oxidation by the hepatic cytochrome P450 (CYP) system to generate an active metabolite. As a result, mutations in the genes for these CYP enzymes may affect clopidogrel responsiveness [6, 9] . Among these genes, CYP2C19 is of great concern. The CYP2C19*17 allele, which will not be discussed in this article, may enhance platelet response to clopidogrel in acute coronary syndrome (ACS) patients [10] . On the other hand, loss-of-function alleles, such as CYP2C19*2 and CYP2C19*3, which we will discuss in this article, are responsible for reduced activation of clopidogrel and increase the risk of recurrent cardiovascular events in CAD patients [11] [12] [13] . Recently, to evaluate the association between CYP2C19 polymorphism and adverse cardiovascular events in CAD patients treated with clopidogrel, more and more studies have been performed [10, [14] [15] [16] [17] [18] [19] [20] [21] [22] . However, the results have not been consistent. Thus, we performed a meta-analysis of cohort studies or post-hoc analyses of randomized controlled trials to investigate the effects of CYP2C19 polymorphism, especially CYP2C19*2, on adverse clinical events in clopidogrel-treated patients.
Methods

Search methods and selection criteria
Two reviewers (CJ and HD) independently performed electronic searches for CYP2C19 polymorphism and clopidogrel in PubMed/Medline, EMBASE and the Cochrane Library, with the following search strategy ''(clopidogrel) and (P450 2C19 OR CYP2C19) and (coronary heart disease or coronary artery disease)'', from their inception through to February 2013. The language was restricted to English or Chinese. The selection criteria for eligible studies were as follows: study type (prospective cohort studies or post-hoc analyses of randomized controlled trials); participants (coronary artery disease patients treated with clopidogrel); definite clinical endpoints (fatal or non-fatal myocardial infarction [MI], cardiovascular death, all-cause death, definite or probable stent thrombosis [ST], target lesion revascularization [TLR], target vessel revascularization [TVR], urgent revascularization, ischaemic stroke and bleeding); genotyping (loss-of-function genotypes [CYP2C19*2-*8], especially CYP2C19*2, should be detected in the studies); comparison (comparison of the outcomes between mutant gene carriers and non-carriers). Meeting abstracts, case reports, editorials and reviews were excluded.
Data extraction and quality assessment
Data extraction was completed by two investigators (LM and LC), independently. Study type, country, population characteristics, number of patients, mean age, clopidogrel dose, combination of aspirin, genotyping method, genotype distribution, length of follow-up, study endpoints, number of each event, adjustment for confounding factors and conclusions were collected. Any occurrence of events, such as fatal or non-fatal MI, cardiovascular or all-cause death, definite or probable ST, TVR, TLR, urgent revascularization, ischaemic stroke or bleeding, was considered to be an adverse clinical outcome in our meta-analysis. Disagreements were resolved by discussion between the two investigators.
The Newcastle-Ottawa quality assessment scale was used to assess the quality of the included studies [23, 24] . This scale consists of three categories: selection (representativeness of the exposed cohort, selection of the non-exposed cohort, ascertainment of exposure and demonstration that the outcome of interest was not present at the start of the study); comparability (comparability of cohorts on the basis of the design or analysis); and outcome (assessment of outcome, follow-up long enough for outcomes to occur, adequacy of follow-up of the cohorts). The highest score that a study can be awarded is nine.
Statistical analysis
In this article, the P value was set at 0.10 for heterogeneity tests and at 0.05 for others. All the P values were twotailed. Cochran's Q test and I 2 were used to investigate heterogeneity; the funnel plot analysis was used to evaluate publication bias. I 2 values > 25%, > 50% and > 75% were considered as evidence of low, moderate and severe statistical heterogeneity, respectively. If I 2 was > 50% or P was < 0.10, a random-effect model was chosen. Accordingly, we ran a fixed-effect model if I 2 was < 50% or P was > 0.10. Crude odds ratios (ORs) with 95% confidence intervals (CIs) were used to assess the strength of the association between cytochrome CYP2C19 polymorphism and clinical prognosis. All statistical tests were performed with Review Manager 5.1 for Windows, available from the Cochrane Collaboration.
Results
Study selection
A total of 421 relevant publications were evaluated initially. Finally, 21 studies met the inclusion criteria [13, [17] [18] [19] [20] [21] [22] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] . The study selection flow diagram is shown in Fig. 1 . In total, 23,035 patients were included in this meta-analysis. Among these patients, 7670 were carriers of the CYP2C19 variant allele (mostly CYP2C19*2); the other 15,365 patients were non-carriers. Eight studies [13, [18] [19] [20] 22, [25] [26] [27] were from Asia and thirteen [15, 21, [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] were from Europe or the USA. The loading dose of clopidogrel was 300 mg or 600 mg in 18 studies [13, 15, [18] [19] [20] 22, [25] [26] [27] 29, [31] [32] [33] [34] [35] [36] [37] [38] and all the participants were given a maintenance dose of 75 mg/day. The TaqMan (Applied Biosystems, Foster City, CA, USA) polymerase chain reaction (PCR) was chosen as the genotyping method in 61.9% of the studies. The length of follow-up ranged from 1 month to 4 years. Study characteristics are reported in Table 1 .
Association between CYP2C19 polymorphism and adverse clinical events
Heterogeneity test results indicated statistical heterogeneity among the included studies [13, 15, [18] [19] [20] [21] [22] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] (I 2 = 67%, P < 0.00001) and a random-effect model was selected accordingly (Fig. 2) . The results of twenty comparisons showed that carriers (n = 6868) of the CYP2C19 variant allele had a higher risk of adverse clinical events than the 14,429 non-carriers (OR 1.50, 95% CI 1.21-1.87, Z = 3.63; P = 0.0003). In the subgroup analysis, we divided the studies into two subgroups according to ethnicity. The Asian and Caucasian subgroups consisted of seven studies [13, [18] [19] [20] 
Association between CYP2C19 polymorphism and the risk of myocardial infarction
As shown in Fig. 3, 11 studies [13, 18, 19, [25] [26] [27] [28] 31, 32, 35, 36] involving 9745 participants were included here to assess the association between CYP2C19 polymorphism and the risk of MI. As no statistical heterogeneity was found in this analysis (P = 0.13, I 2 = 33%), we selected a fixed-effect model. The results showed that patients who carried a lossof-function allele, mainly CYP2C19*2, had a higher risk of MI during follow-up (OR 1.62, 95% CI 1.35-1.95, Z = 5.15; P < 0.00001). Fig. 4 shows the result of the meta-analysis of the association between CYP2C19 polymorphism and the risk of ST. Thirteen studies [15, 18, 19, 25, [27] [28] [29] [30] [31] [32] 35, 36, 38] involving 14,261 patients were included in this analysis. There was no evidence of significant heterogeneity (I 2 = 28%; P = 0.16) and data were assessed by the fixed-effect model. There was a two-fold increase in the rate of ST in carriers who underwent stent implantation compared to the non-carriers (OR 2.08, 95% CI 1.67-2.60, Z = 6.51; P < 0.00001). 
Association between CYP2C19 polymorphism and the risk of stent thrombosis
Association between CYP2C19 polymorphism and the risk of mortality, ischaemic stroke, repeat revascularization and bleeding events
Overall, mortalities (cardiovascular death or all-cause death) were reported in 13 articles [13, [18] [19] [20] [25] [26] [27] [28] [29] 31, 32, 35, 36] . The numbers of studies that recorded occurrences of strokes, repeat revascularizations and bleeding events were five, seven and six, respectively. Data are shown in detail in (Supplementary data, Figs. C-F). Table 2 shows the results of the meta-analysis of these adverse clinical events. Carriers had a higher risk of ischaemic stroke (OR 2.14, 95% CI 1.36-3.38, Z = 3.27; P = 0.001) and repeat revascularization (OR 1.35, 95% CI 1.10-1.66, Z = 2.87; P = 0.004) than non-carriers. However, no statistically significant difference was found between the two groups in terms of risk of mortality or bleeding events.
Discussion
The combination of aspirin and clopidogrel is the mainstay anti-platelet strategy for preventing ischaemic events after PCI [39] . Clopidogrel is an inactive prodrug that requires oxidation by the CYP system. About 50% of the clopidogrel taken by patients is absorbed in the gastrointestinal tract. Only 15% of this clopidogrel is metabolized and activated in the liver. The thiophene ring of clopidogrel is oxidized to form an intermediate metabolite (2-oxo-clopidogrel) . In the further oxidizing process, 2-oxo-clopidogrel opens the thiophene ring and breaks up into a carboxyl and thiol group. The reactive thiol group forms a disulphide bridge between one or more cysteine residues of the P2Y12 receptor and irreversibly blockades the platelet [6] . Despite the widespread use of clopidogrel and aspirin, the incidence rate of thrombotic stent occlusion after coronary stenting has been shown to be as high as 4.7% [4] . Recently, gene polymorphism of cytochrome CYP2C19 was reported to be responsible for the high risk of adverse clinical outcomes in patients undergoing stent implantation [29, 40] . The CYP2C19 gene polymorphism is not uncommon. About 30% of Caucasians and 55% of Asians have one or more loss-of-function allele of CYP2C19.
Using the Newcastle-Ottawa quality assessment scale, we selected the potential articles strictly. All the included studies had a score of seven or more, which indicates the high quality of the evidence in this meta-analysis. According to the funnel plot shown in Supplementary data, Fig. G , the publication bias was acceptable. Some studies reported major adverse cardiovascular events [28, 31, 32, 35, 37, 38, 41] , but others did not [15, 25, 30] . Finally, because of the different endpoints in the included studies, we defined these outcomes as ''adverse clinical events'' in this meta-analysis.
Using data from all 21 studies (7670 carriers and 15,365 non-carriers), we found that CYP2C19 polymorphism was significantly associated with an increased risk of adverse clinical events among clopidogrel-treated patients. However, there was a statistical heterogeneity among the 20 included studies [13, 15, [18] [19] [20] [21] [22] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] (I 2 = 67%; P < 0.00001). As a result, we chose a random-effect model. In the subgroup analysis, we found that carriers in Asia were more prone to adverse clinical events than patients in Western countries. In comparison with the Caucasian group, no statistical heterogeneity was found in the Asian group. In our opinion, ethnic diversity could be responsible for the heterogeneity in this meta-analysis. In addition, the difference in endpoints, follow-up periods and disease severities in the studies also contributed to the heterogeneity. Furthermore, no statistical heterogeneity was found in the analysis of MI and ST. Our results suggested a two-fold increase in the rate of ST and a 1.64-fold increase in the rate of MI in carriers compared with non-carriers during the follow-up period. Similar findings were observed in the meta-analyses performed by Jang et al. [41] and Zabalza et al. [42] .
The relationships between CYP2C19 polymorphism and mortality, ischaemic stroke, repeat revascularization and bleeding events were also assessed in our study. Although similar findings were reported by Jin et al. [43] , previous systematic reviews [41] [42] [43] [44] did not analyse the association between CYP2C19 polymorphism and the risk of repeat revascularization. Here, we also found that CYP2C19 variant gene carriers were more likely to experience repeat revascularization and ischaemic stroke.
Recently, the United States Food and Drug Administration added a warning to clopidogrel stating that patients with decreased CYP2C19 function because genetic polymorphisms may metabolize clopidogrel poorly and have higher rates of cardiovascular events after ACS and PCI than patients with normal CYP2C19 function [45] . Our findings present support the evidence for this warning. Given these findings, we think that pharmacogenomic testing for CAD patients who need long-term clopidogrel therapy, especially in Asian populations, will be necessary and helpful. By this means, we will then be able to predict their response to clopidogrel and make individualized treatment decisions. We believe that this kind of genetic guided therapy is promising and may play a key role in our clinical practice in the foreseeable future. It just goes to show that P4 (predictive, preventive, personalized, participatory) medicine is coming [46] .
If patients are CYP2C19 variant gene carriers and display low or no anti-platelet response, other drugs should be taken into consideration [47] . The Food and Drug Administration has approved two additional P2Y12 receptor inhibitors for use in patients with ACS. Prasugrel and ticagrelor were more effective than clopidogrel at reducing clinical events, but at the expense of an increased risk of bleeding [48] . Prasugrel is a prodrug that requires conversion to its active metabolite. At least two observational studies have demonstrated no significant decrease in plasma concentrations of prasugrel active metabolite or platelet inhibition activity in carriers of at least one loss-of-function allele of the CYP2C19 isoenzyme [49, 50] . On the other hand, ticagrelor, the latest FDA-approved P2Y12 receptor inhibitor, is a reversible direct acting oral antagonist of the P2Y12 receptor that does not require transformation to an active metabolite [51] . Clinical use of genotyping and platelet function testing for prasugrel and ticagrelor is not rigorously established but it is less likely to be necessary given the lesser degree of variation in response than clopidogrel. According to the evidence [51] , prasugrel should not be prescribed to patients with a history of transient ischaemic attack or stroke, or with active pathological bleeding for bleeding prevention. To reduce the risk of gastrointestinal hemorrhage, co-administration of proton pump inhibitors has also been recommended for patients who are at a higher risk of bleeding events [52] .
Study limitations
Some limitations should be considered. First, only publications in English and Chinese were considered in our search process; some studies in other languages were inevitably lost. Second, the predetermined endpoints in the included studies were different. We could only extract information in part from these studies. Furthermore, the genotyping methods were not the same in the included studies. As a result, there is a detection bias to a certain degree. Besides, some included studies did not have adequate power to detect possible risk for CYP2C19 polymorphism because of their small sample sizes. Lastly, the length of follow-up varied from 1 month to 4 years across the included studies. There is also an attrition bias to a certain degree. However, Peng et al. [20] recently reported that the adverse impact of the CYP2C19*2 gene mutation was significantly reduced after 1 year of discharge. Is CYP2C19 polymorphism responsible for long-term prognosis in clopidogrel-treated patients? More studies are still needed.
Conclusions
In conclusion, the synthesis of available evidence indicates that CYP2C19 polymorphism is significantly associated with clinical prognosis in coronary artery disease patients treated with clopidogrel.
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